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Biotic and abiotic stress induces the formation of galactolipids esteriﬁed with the phytohormones
12-oxo-phytodienoic acid (OPDA) and dinor-oxo-phytodienoic acid (dnOPDA) in Arabidopsis thali-
ana. The biosynthetic pathways of free (dn)OPDA is well described, but it is unclear how they are
incorporated into galactolipids. We herein show that (dn)OPDA containing lipids are formed rapidly
after disruption of cellular integrity in leaf tissue. Five minutes after freeze-thawing, 60–70% of the
trienoic acids esteriﬁed to chloroplast galactolipids are converted to (dn)OPDA. Stable isotope label-
ing with 18O-water provides strong evidence for that the fatty acids remain attached to galactolipids
during the enzymatic conversion to (dn)OPDA.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction membrane galactolipids [8,10–18]. These compounds are some-The chloroplasts membrane lipids mono- (MGDG) and digalac-
tosyl diacylglycerol (DGDG) are rich in trienoic fatty acids. Apart
from their obvious role in maintaining membrane physiology,
these fatty acids function as precursors for a large family of signal-
ing compounds collectively known as oxylipins [1]. Of these, the
best characterized are the jasmonates [2,3]. Jasmonates are formed
by the consecutive action of 13-lipoxygenase, allene oxide-syn-
thase and cyclase on linolenic (18:3) or hexadecatrienoic (16:3)
acid in the plastid stroma [4]. The immediate product of this path-
way is oxo-phytodienoic acid (OPDA) or dinor-OPDA (dnOPDA),
both of which have signaling properties by themselves [5–9]. These
are converted to the phytohormone jasmonic acid in the peroxi-
some and then activated by conjugation to isoleucine [2,3]. The
pathway as a whole is thought to work on free fatty acids liberated
from glycerolipids producing (dn)OPDA in the plastid [1,3,4].
Arabidopsis thaliana contains OPDA and dnOPDA esteriﬁed to
the glycerol backbone and/or the galactose headgroup of plastidchemical Societies. Published by E
xadecenoic acid; 16:2, all cis
catrienoic acid; 18:2, linoleic
olenic acid, all cis 9,12,15-
erol; MGDG, monogalactosyl
PDA, dinor-oxo-phytodienoic
. Andersson).
(M.X. Andersson), mats.times referred to as Arabidopsides and were found to accumulate
after elicitation by bacterial pathogenic effectors [14,15,17,19],
wounding [15,17,18,20], senescence [16] and cold treatment [17].
Arabidopsides have been linked to insect defense [21] and might
act as antibacterial [14] and antifungal compounds [15]. It still re-
mains elusive if bound (dn)OPDA is synthesized through a free
fatty acid intermediate or synthesized while the fatty acids remain
attached to the galactolipid. We herein present evidence for the
latter hypothesis.
2. Materials and methods
2.1. Plant material and lipid extraction
A. thaliana ecotype Col-0 was cultivated for 4 or 8 weeks under
short day conditions [15]. Leaf discs were prepared using a cork
borer (diameter 7 mm) from leaves of weeks old plants and frozen
in liquid nitrogen. The leaf discs were thawed at room tempera-
ture. The lipids were extracted as described and a glycolipid frac-
tion prepared as described [15], except that the extraction was
acidiﬁed with 60 ll of acetic acid to facilitate the extraction of free
fatty acids.
2.2. Analysis of free and bound fatty acids
The esteriﬁed fatty acids were transesteriﬁed with sodium
methoxide and free fatty acids in the total extract were methylatedlsevier B.V. All rights reserved.
Fig. 1. Accumulation of esteriﬁed OPDA and dnOPDA in freeze thawed A. thaliana
tissue. Leaf discs obtained from 8 (A) and 4 (B) weeks old A. thaliana were freeze–
thawed and the lipids extracted at the indicated time points after thawing. The free
and esteriﬁed OPDA, dnOPDA and 18:3 was quantiﬁed by GC–MS. Average and
range of replicate samples are shown. Note that some of the black squares denoting
free OPDA are present but obscured by other symbols.
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ters were analyzed by GC–MS [14] using an Agilent 6820 GC and
an Agilent 5975 mass selective detector operated with single ion
monitoring for m/z 306.2, 278.2 and 292.2 for the methyl esters
of OPDA, dnOPDA and 18:3, respectively. A calibration curve for
OPDA and dnOPDA was constructed from transmethylation of
puriﬁed Arabidopside E and the internal standard. OPDA and
dnOPDA were detected as two isomeric peaks with the dominant
representing the D9(13)-OPDA and a secondary 13-iso-OPDA [14].
2.3. Analysis of OPDA containing galactolipids
The glycolipid fraction obtained from 40 mg tissue was dis-
solved in 50 ll of methanol and 5 ll portions were analyzed by
LC–MS/MS on an Agilent 1260 LC and an Agilent 6410 triple quad-
rupole detector. The glycolipids were separated on a 2.1  150 mm
Prevail C18, 3 lm column with a 4 mm guard column (Alltech,
Deerﬁeld, Illinois, USA) thermostated to 30 C. Five minutes iso-
cratic elution with solvent A (methanol:acetonitrile:water and
12 mM ammonium formate (45:40:15, by vol.)) was followed by
a linear gradient to 80% B (12 mM ammonium formate in isopropa-
nol) in 30 min and kept for 10 min. The electrospray source was
operated in negative mode with an ionization voltage of 4500 V
at 300 C with a nitrogen gas ﬂow of 11 l/min at 40 psi. The (dn)OP-
DA containing lipids were detected by scanning from m/z 700 to
1300 for precursors of 291.2 (OPDA) and 263.4 (dnOPDA). The frag-
mentor and collision cell were operated at 150 and 15 V, respec-
tively. The galactolipid species, and m/z for their respective
formate adducts detected are listed in Table 1.
2.4. 18O-water incorporation and analysis
For labeling experiment, leaves were cut from 8 week old Ara-
bidopsis plants and the petioles submerged in 18O-labeled (97%
18O, Aldrich) or unlabelled water over-night under lab lights. Dur-
ing the labeling the leaves transpired on average 3 times their freshTable 1
Detected OPDA containing galactolipid species. All lipids were detected as precursors
of 291.2 (OPDA), except Arabidopside F which was detected as a precursor of 263.1
(dnOPDA).
Lipid class Fatty acids Detected formate adduct
(m/z)
MGDG OPDA, dnOPDA-
‘‘Arabidopside A’’
819.5
OPDA, OPDA ‘‘Arabidopside B’’ 847.6
OPDA, 16:0 811.6
OPDA, 16:1 809.6
OPDA, 16:2 807.6
OPDA, 16:3 805.6
OPDA, 18:2 835.6
OPDA, 18:3 833.6
dnOPDA, 18:3
‘‘Arabidopside F’’
805.6
DGDG OPDA, dnOPDA
‘‘Arabidopside C’’
981.7
OPDA, OPDA
‘‘Arabidopside D’’
1009.7
OPDA, 16:0 973.8
OPDA, 18:3 995.7
Acyl-MGDGOPDA, dnOPDA, OPDA ‘‘Arabidopside E’’1093.7
OPDA, OPDA, OPDA ‘‘Arabidopside E’’ 1121.8
OPDA, dnOPDA, 16:0 1057.8
OPDA, dnOPDA, 18:3 1079.8
OPDA, dnOPDA, dnOPDA 1065.8
OPDA, OPDA, 16:0 1085.8
OPDA, OPDA, 18:3 1107.8
18:3, OPDA, 18:3 1093.8weight. The material was harvested and freeze-thawed as de-
scribed above. The lipid were extracted, subjected to transmethyl-
ation and analyzed by GC–MS as above but with the additional
monitoring of the 2 units heavier molecular ions. The tissue
content of isotopic labeled water was assessed in a separate
experiment in which leaves labeled for 4 h were dried in closed
screw cap tubes at 60 C. The tubes were cooled and a dried Ham-
ilton syringe was dipped into the released water and inserted into
the injection port of the GC. The height of the resulting 18 and 20
m/z peaks was used to calculate isotopic enrichment in tissue
water.
3. Results and discussion
3.1. Rapid accumulation of lipid bound OPDA in tissue after loss of
cellular integrity
Anecdotal evidence suggested that frozen A. thaliana leaf tissue
thawed brieﬂy before lipid extraction contains large amounts of
glycerolipid bound OPDA (Mike Pollard, personal communication).
To test this, leaf tissue from 8 weeks old A. thaliana was frozen in
liquid nitrogen and was left to thaw for speciﬁc time periods before
analysis of acyl lipid bound fatty acids by GC–MS (Fig. 1). Clearly,
tissue disruption after freezing triggered massive accumulation
of esteriﬁed OPDA and dnOPDA, concomitant with decrease in
the content of 18:3 and 16:3 (not shown). About 4.5 lmol of OPDA
and 1.8 lmol of dnOPDA were formed within the ﬁrst 5 min after
freeze thawing per gram tissue fresh weight (Fig. 1A). Already
Fig. 2. Quantiﬁcation of OPDA containing galactolipids after freeze-thawing. Leaf discs obtained from 8 weeks old A. thaliana leaves were freeze-thawed and the lipids
extracted at the time points indicated. OPDA containing MGDG (A, C and D) and DGDG species (B) were quantiﬁed by LC–MS/MS. Species which have previously been
identiﬁed as bona ﬁde (dn)OPDA containing are marked with an asterisk and their proposed trivial names are shown below. Average and range of three replicate samples is
shown.
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were formed. The amounts stabilized after 5 min and remained
at the same level for 2 h. Tissue obtained from 4 week old plants
contained less trienoic acids from the start and accumulated about
half as much OPDA and dnOPDA as the older tissue (Fig 1B). Appar-
ently, 60–70% of the lipid bound trienoic fatty acids in A. thaliana
leaf tissue could be converted to (dn)OPDA rapidly after tissue dis-
ruption. Remarkably, the amount of free 18:3, OPDA and dnOPDA
(Fig. 1A and B) remained constant at a very low level throughout
the experiment. No esteriﬁed OPDA was detectable before or after
freeze thaw in extracts from leaf tissue obtained from the AOS loss
of function mutant dde2–2 [22] (data not shown).
3.2. Proﬁling of OPDA containing lipids after freeze-thaw in
Arabidopsis
Previous studies demonstrate that a large array of galactolipids
containing OPDA and/or dnOPDA can be formed by various biotic
and abiotic stresses [17]. Fractionation of the total lipid extract
demonstrated that 90% of the formed OPDA was associated with
the glycolipid fraction (not shown). A previously used HPLC meth-
od [15] was adapted for MS/MS detection of (dn)OPDA containing
galactolipids. Precursor scanning in the negative mode for ions giv-
ing rise to acyl fragments corresponding to OPDA and dnOPDA was
used (Table 1). All in all, 21 different glycolipid species consistentwith (dn)OPDA containing lipids were detected as formate adducts
and quantiﬁed (Fig. 2). From mass alone, it cannot be unequivo-
cally established that all these species contain OPDA and not other
keto fatty acids. However, since no other keto-acids were detected
by GC–MS than OPDA and dnOPDA, it is very likely that most of
these lipids correspond to OPDA and/or dnOPDA containing lipids.
All the detected lipid species have previously been described
[8,10–18,20] and those conﬁrmed to contain (dn)OPDA are marked
with an asterisk.
In unwounded leaf tissue the major OPDA containing species
was OPDA/16:3-MGDG. In abundance this was followed by
OPDA/18:3-MGDG and OPDA/dnOPDA-MGDG (Arabidopside A).
Five minutes after freeze thawing, there was a massive accumula-
tion of OPDA/dnOPDA-MGDG and OPDA/OPDA-MGDG (Arabidop-
side A and B, respectively Fig. 2A). Other OPDA containing DGDG
(Fig. 2B) and MGDG (Fig. 2C) species also increased markedly.
The lipid species composition 5 min after freeze-thawing thus re-
ﬂects that in unwounded tissue [23] except that the majority of
the trienes are converted to (dn)OPDA. After 30 min the acylated
species of OPDA containing MGDG dominated (Fig. 2A). At both
analyzed time points after freeze-thawing, the four previously re-
ported species Arabidopside A (OPDA/dnOPDA) [10], B (OPDA/
OPDA) [10], E (OPDA/dnOPDA/OPDA) [14] and G (OPDA/OPDA/
OPDA) [15] corresponded to 90% of the esteriﬁed OPDA. We also
detected a number of putative acyl-MGDG species containing
Fig. 3. Stable isotope incorporation into OPDA containing lipids after freeze-
thawing. (A) Two possible pathways for synthesis of (dn)OPDA containing galactol-
ipids, upper pathway: lipoxygenase (LOX), allene oxide synthase (AOS) and allene
oxide cyclase (AOC) act on fatty acids esteriﬁed to the galactolipids, lower pathway:
enzymes act on free fatty acids which are reacylated to the galactolipid. The lower
pathway results in incorporation of 18O-labelled water into the ester bond. (B) Intact
leaves from 8 week old Arabidopsis plants were fed 18O-labelled or unlabelled water
through the petiole over night. The leaves were freeze-thawed and the lipids were
extracted, transmethylated and analyzed byGC–MS. The ratio of labeled to unlabeled
methyl esters was determined by monitoring the ratio of the unlabelled molecular
ion to that of the molecular ion +2 m/z. Grey bars denote unlabelled and black bars
labeled water. Average and range of replicate samples are shown.
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these, the most abundant after freeze thawing was dnOPDA/OPDA/
16:0. The detected OPDA containing galactolipids at 5 min after
freeze-thawing corresponded to almost exactly the amount of
esteriﬁed OPDA as quantiﬁed by GC–MS of methyl esters. At the
30 min time point, however, the detected species accounted for
about 60% of the total esteriﬁed OPDA. This discrepancy could be
explained by two different, not mutually exclusive, effects. Firstly,
all quantiﬁcation in LC–MS/MS is based on standard curves made
from pure standards of Arabidopsides A, B, E and G. If esteriﬁed
OPDA at the 30 min time point is spread on more acylated species
with lower response curves, the total OPDA will be underesti-
mated. Secondly, after acyl-transfer to the headgroup at the later
time point, lyso species might have been formed. The latter would
not be detected as the masses fell below the scanning range and
probably elute ahead of the analyzed analytes.
3.3. Stable isotope labeling demonstrates formation of OPDA without
release of free fatty acids
In theory, the accumulation of (dn)OPDA containing lipids could
proceed through free fatty acid intermediates or directly on fatty
acids that remain esteriﬁed to the lipid. The lack of increase and
the consistently low levels of free trienoic acids and dn(OPDA)
and the speed of accumulation of (dn)OPDA containing lipids
(Figs. 1 and 2) seems less consistent with a pathway involving free
intermediates. However, it cannot be ruled out that a small pool of
free intermediates might be cycled quickly between lipids and free
intermediates. Incorporation of 18O from 18O-labelled water can be
used to assess hydrolysis and re-acylation of fatty acids in complex
lipids [24–26]. Every round of hydrolysis of fatty acids from a com-
plex lipid results in exchange of oxygen atoms in the carboxyl
group with the surrounding water. To this end, leaves were left
to absorb 18O-labelled water through the petiole before freeze-
thawing. Increase in isotope incorporation in (dn)OPDA containing
lipids after tissue disruption would be strong evidence of that the
fatty acid passes through a free intermediate, whereas lack of
incorporation indicates that the fatty acid remains bound to the
glycerol backbone. This is outlined schematically in Fig 3A. The
methyl esters of 18:3, 18:2, OPDA and dnOPDA were analyzed by
single ion monitoring of the molecular ion and the peak corre-
sponding to the molecular ion +2 m/z (incorporation of one 18O).
Over-night labeling with 18O water resulted in an increase of the
m/z +2 peak for all the analyzed fatty acids (Fig. 3B). The increase
was largest for 18:2, which ﬁts well with this fatty acids high turn-
over rate in phospholipids [27–29]. This also gives a lowest possi-
ble level of isotope enrichment in tissue water at double that of the
label in 18:2, half the label is lost during transmethylation. If the
18:2 would be in isotopic equilibrium, the isotopic enrichment
would be 50%. A separate experiment with a shorter labeling time
demonstrated that the isotopic enrichment in the tissue water was
50% after 4 h labeling time (data not shown). Taken together, the
isotopic enrichment in the tissue water cannot have been below
50%. 18:3 and OPDA incorporated just below 10% of 18O before
freeze thawing. This clearly shows that the 18O-labeled water
was not only taken up in the tissue, but was also available for
incorporation into complex lipids. After freeze thawing, there
was no change in the ratio of labeled to unlabeled OPDA and dnOP-
DA (Fig. 3B), although there was a 20-fold increase in the amount
of esteriﬁed OPDA and dnOPDA 5 and 30 min after freeze thawing
(Fig. 1A). We interpret this as evidence for that the enzymatic syn-
thesis of OPDA in Arabidopsis occurs primarily on fatty acids ester-
iﬁed to complex lipids. Had a signiﬁcant amount of the 18:3 passed
through a free intermediate between zero time and 5 min after
freeze-thawing, the amount of 18O-label would approach that of
18:2 at zero time. Furthermore, the lack of increase in 18O-labelbetween the 5 and 30 min time points is consistent with a model
where fatty acids are directly transferred from the glycerol back-
bone of one galactolipid to the head group of another galactolipid.
To conclude, we herein present evidence for that A. thaliana leaf
tissue is primed for the rapid conversion of trienoic acids attached
to chloroplast galactolipids to OPDA and dnOPDA after loss of cel-
lular integrity. This suggests that there is a pre-formed enzymatic
machinery closely associated with the thylakoid membrane (which
contains the bulk of the precursor galactolipids) that is activated
after loss of cellular integrity. This is supported by the partial
membrane association of LOX, AOS and AOC in potato chloroplasts
[30]. However, it remains unclear what the difference is between
A. thaliana and other plants which do not accumulate galactolipid
bound (dn)OPDA. After the initial extremely fast production of li-
pid bound OPDA and dnOPDA, acyl transferases are activated and
a distinct signature of acylated OPDA containing MGDG species is
produced. While the previously described Arabidopsides A–G con-
stitute the bulk of the (dn)OPDA containing lipids produced, there
is clearly a much larger array of lipid species formed. It is still un-
clear how the (dn)OPDA containing galactolipids relate to synthe-
sis of free jasmonates. It might provide a slow or delayed release of
(dn)OPDA to act as a signal by itself or after conversion to JA and
JA-Ile. [15]. On the other hand other observations suggest that at
least the initial quick induction of JA signaling after wounding is
independent of esteriﬁed OPDA production [21,31]. Thus, this
seems more consistent with a role for arabidopsides in chemical
defense against insects [21] or microorganisms [14,15]. Clearly,
A.K. Nilsson et al. / FEBS Letters 586 (2012) 2483–2487 2487the function is associated with dead cells and lesions in the tissue
somehow. Finally, the results presented herein highlights the
importance of proper immediate inactivation of enzymatic activity
in plant tissues before lipid extraction to avoid artifactual synthesis
of galactolipid bound (dn)OPDA.
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